Abstract Porous carbons were prepared through carbonization of poly(ethylene terephthalate) contained in mixtures with either light basic magnesium carbonate, or magnesium carbonate, or magnesium hydroxide, or magnesium oxide. Pore structure of the obtained carbon materials was presented in relation to a kind of magnesium compound and weight ratio of the raw materials used for preparations. Additionally, an influence of the preparation temperature on the porosity and the pore creation mechanism are briefly discussed. The carbons obtained were tested as sorbent materials for elimination of model contaminants from water. For that purpose, removal of several pollutants of different molecular weights including phenol, Basic Red 18 dye, and Reactive Red 198 dye is presented and discussed in relation to the porosity of the prepared materials.
Introduction
One of the major attributes of activated carbon is its ability to remove pollutants residing at low concentrations in fluid effluents. For that reason, adsorption onto this porous material is a popular method to remove contaminants from liquid and gaseous streams [1] [2] [3] [4] [5] . Adsorptive properties of activated carbons are strongly dependent on their porous structure [6] [7] [8] . In general, adsorption of small molecules proceeds effectively in micropores and bigger species require larger pores to be effectively eliminated from the purified media. Hence, an efficient simultaneous removal of contaminants of various molecular sizes is expected to proceed on adsorbents abundant in both micropores and mesopores.
Activated carbons can be produced according to various procedures. Conventionally used physical activation consists of two steps, i.e. carbonization of a suitable carbon precursor followed by activation in steam or CO 2 atmosphere at ca. 900°C [6, [9] [10] [11] . Besides, a chemical processes usually employing chemical activators like ZnCl 2 or H 3 PO 4 are also in use [6, [11] [12] [13] [14] [15] . Natural precursors like coals or wood are the most frequently used raw materials to produce activated carbons [14] [15] [16] . Nevertheless, much attention has been paid to invent alternative methods employing synthetic materials as carbon precursors [17] [18] [19] [20] [21] [22] . Additionally, in order to simplify the preparation procedure, one-step processes are often proposed. Inagaki et.al. reported a method to obtain mesoporous carbons by carbonization of polymeric precursors (e.g. poly(vinyl alcohol, poly(ethylene terephthalate)) or pitch contained in a mixture with some magnesium compounds including oxide, citrate, or gluconate, followed by removal of inorganics from the obtained products [20] [21] [22] [23] . In this way highly porous carbon materials could be obtained without any activation process. As stated by the authors, both area and size of mesopores in resultant nanoporous carbons were strongly dependent on the size of MgO particles formed from their precursors during preparation process. A successful preparation of nanoporous carbons from polymeric precursor was also described in our previous paper [18] . As distinct from the works by the other teams, thermally unstable basic magnesium carbonate (BMC) was used as MgO precursor and poly(ethylene terephthalate) (PET) served as the carbon source. After simple pyrolysis of the BMC/PET mixtures, MgO newly formed was removed from the product. In this manner nanoporous carbons revealing high contributions of both micro-and mesopores could be obtained. As explained in the work in details, development of mesopores was due to MgO presence. On the other hand, gaseous products (CO 2 and H 2 O) of BMC decomposition reacted with the char formed from PET and thus micropores were created. Hence, obtained porous carbons revealed bimodal pore structure that to some extent could be controlled by the ratio of BMC and PET used for preparations. Taking into account above findings, we have extended the gamut of MgO precursors potentially capable to reveal an analogous effect like the BMC used in the earlier work. The novelty of this work is use of both Mg(OH) 2 and MgCO 3 as pore creating agents. The compounds were thought to be suitable for that purpose because both of them undergo thermal decomposition to MgO and suitable gases, according to following reaction schemes:
Hence, we expected to obtain new porous carbon materials of bimodal character, rich in both micropores and mesopores, and therefore being potentially capable to adsorb contaminants of a wide range of molecular sizes. In order to examine performance of all the prepared materials as prospective adsorbents, adsorption of three different model contaminants from water was studied with respect to the textural parameters of the porous carbons.
Partial gasification of the char formed from PET by water released from the magnesium hydroxide was already confirmed in our previous work [26] . Since no results concerning pyrolysis of MgCO 3 /PET mixtures were reported, a brief discussion on the pore creation mechanism in this system is also provided.
Experimental

Materials and preparations
In this work four sorts of porous carbons prepared from the PET contained in mixtures with different magnesium compounds were studied. The materials were prepared according to the analogous procedures consisting in carbonization of the carbon precursor in mixtures with either MgO precursor (BMC, or MgCO 3 , or Mg(OH) 2 ) or MgO itself, followed by removal of the residual inorganics by means of acid-washing. Preparation method for the porous carbon materials obtained from MgO/PET and BMC/PET was already described in details in our earlier work [18] . In order to prepare two other sorts of carbon, Mg(OH) 2 distributions in mesopore range, the Barrett, Joyner, and Halenda (BJH) method was applied to the N 2 adsorption data. Temperature programmed desorption (TPD) was examined using thermal desorption spectrometer (TDS1200 apparatus, ESCO Ltd., Japan) equipped with a quadrupole mass spectrometer. Evolution of CO 2 and CO was continuously monitored on the basis of m/z = 44 and m/z = 28 signals, respectively. The measurement was carried out under a high vacuum (pressure below 10 -6 Pa) and sample was heated up to 1,000°C at a heating rate of 60°C/min. Prior to the TPD, sample was heated to 700°C under argon gas flow.
Adsorption of phenol, Basic Red 18 dye (BR18), and Reactive Red 198 dye (RR198) onto obtained porous carbons was examined applying the batch method. For that purpose, flasks containing suitable amounts (0-50 mg) of an individual carbon material were filled with 100 cm 3 of aqueous solution of either phenol (100 mg/dm 3 ) or BR18 (30 mg/ dm 3 ), or RR198 (30 mg/dm 3 ), and then were thermostated for 2 h at 30°C, in a shaking water bath. Concentrations of each model contaminant were determined spectrophotometrically using Jasco V-530 UV-Vis spectrometer. In order to estimate concentration of phenol, BR18, and RR198, absorbances at k max = 270 nm, k max = 480 nm, and k max = 516 nm were measured, respectively. The amount of an adsorbate adsorbed on activated carbons at equilibrium, q e , was calculated according to the following equation:
where V [dm 3 ] is the volume of solution used in the adsorption experiment, C i and C e are the initial and equilibrium concentrations of the adsorbate (mg/dm 3 ), respectively, and m denotes mass of the adsorbent (g) used.
3 Results and discussion
Pyrolysis of MgCO 3 /PET mixtures and pore creation mechanism
The XRD pattern presented in Fig. 1 has confirmed that heating of MgCO 3 /PET mixture to 850°C resulted in obtaining carbonaceous material loaded with expected MgO. Besides the oxide, stoichiometric amounts of CO 2 must be formed in situ from the carbonate. Taking into consideration results of our earlier works [18, 26] , occurrence of analogous effects was suspected in the pyrolysed MgCO 3 /PET mixture. Hence, reaction between occluded CO 2 and the char formed from PET contained in the pyrolysed mixture was considered as highly probable to proceed. In order to confirm these predictions, TPD from MgCO 3 /PET material preheated to 700°C was measured. Obtained results are presented in Fig. 2 . The TPD spectra confirmed an intensive evolution of CO 2 from ca. 60°C to over 300°C followed by a less intensive release of the gas at higher temperatures, to ca. 800°C. In addition, intensive evolution of carbon monoxide (CO) could be confirmed at temperatures above 600°C. The results presented in Fig. 2 are convergent with those obtained for both BMC/PET and Mg(OH) 2 /PET systems. For that reason, formation of CO at the high temperatures was assumed to be due to the reaction between the carbon material (char) and CO 2 formed from MgCO 3 . In view of above discussion, MgCO 3 was confirmed to be an another example of magnesium compound that is capable to create porosity in carbon materials according to the analogous mechanism as reported in details elsewhere [18] .
Porosity and pore size distribution
Results of nitrogen adsorption and desorption for BMC/ PET-and MgO/PET-based carbons were already presented in our earlier report [18] . Therefore, in this work we show ( Fig. 3) only appropriate results acquired for carbon materials obtained from MgCO 3 /PET and Mg(OH) 2 /PET mixtures. Shapes of all the measured isotherms are resultant from type I and IV profiles according to the IUPAC classification [27] . Hence, apart from well-developed microporosity, all the materials reveal significant adsorption in mesopores that is confirmed by distinct hysteresis loops at relative pressures above around 0.5. As a rule, adsorption of nitrogen at 77 K increases along with both temperature of the preparation process and loading of magnesium compounds in raw mixtures. This is particularly manifested for carbons obtained from MgCO 3 /PET mixtures. Nevertheless, the general trends are convergent with those observed for nanoporous carbons prepared from PET included in the mixture with BMC [18] .
The textural parameters characterizing structure of the carbon materials, calculated from nitrogen adsorption/ desorption isotherms, are listed in Table 1 . Because this work summarizes adsorption behaviors of the materials prepared by our group from all the studied (Mg Regardless of magnesium compounds and temperatures used for preparations, all the carbon materials reveal high specific surface area ranging from over 500 m 2 /g to nearly 2,000 m 2 /g, arising from both micropores and mesopores. Taking into account data listed in Tab. 1, several general observations could be drawn:
• Pore parameters determined for carbons prepared at 550°C are generally lower than those calculated for carbons prepared at higher temperatures, • The total areas revealed by nanoporous carbons prepared through pyrolysis of PET included in a mixture with decomposable magnesium is higher compared to values determined for carbons obtained from MgO/PET systems, • While carbons prepared from MgO/PET exhibit predominant microporous character, mesoporosity dominates in the carbon materials prepared using BMC, MgCO 3 , or Mg(OH) 2 ,
• Higher loadings of decomposable magnesium compounds in the raw mixtures are reflected by higher pore parameters of the resultant carbons, • Pore parameters determined for carbons prepared from MgO/PET mixtures are only a little influenced by MgO loadings in the starting mixtures and by preparation temperature.
As illustrated in Fig. 4 , pore size distributions in the mesopore region determined for porous carbons prepared from the MgCO 3 /PET mixtures are different compared to carbons prepared from PET loaded with Mg(OH) 2 . The mesopore volume calculated for MgCO 3 /PET-based carbons strongly depends on both MgCO 3 content in the raw material and preparation temperature. This principally concerns mesopores ranging from 5 to ca. 25 nm in the width. In addition, the volume of mesopores within this width range depends noticeably on the preparation temperature. Hence, while the carbon prepared at 550°C reveals low pore volume without a defined maxima, material obtained at 850°C shows significant pore volume within the range, with two sharp maxima at pore widths ca. 8 and 20 nm. On the other hand, the carbons prepared from PET mixed with Mg(OH) 2 demonstrate predominant share of larger mesopores (15-40 nm in width) and lower contribution of the smaller ones, ranging from 5 to 15 nm in width. Although pore size distributions in the mesopore range vary with the composition of the raw mixture, no clear trend could be observed in this case. Nevertheless, similar to MgCO 3 /PET system, application of the higher temperature for preparations results in obtaining products demonstrating higher mesopore volumes. In view of corresponding results reported for carbon materials prepared from MgO/PET mixes [18] , it may be stated that mesopore volumes revealed by both MgCO 3 /PET-and Mg(OH) 2 -series carbons are higher. This must be an outcome of the action of CO 2 and H 2 O on the char during the pyrolysis process.
Adsorption of model contaminants
Because of considerable volumes of micropores and mesopores, the nanoporous carbons were tested as adsorbents for model water contaminants of a wide range of molecular weights. For that purpose aqueous solutions of phenol (94 g/mol), BR18 (390 g/mol), and RR198 (968 g/mol) were used as media conveying the adsorbates.
Removal of phenol from water
Adsorption of phenol on the obtained porous carbons is illustrated by Figs. 5 and 6 .
All the examined adsorbents are to some extent capable to remove the contaminant from water. As it can be seen in Fig. 5a , b, regardless of MgCO 3 /PET and Mg(OH) 2 / PET ratios used for preparations, the resulting adsorbents reveal comparable adsorption abilities towards phenol, ranging from 81 to 106 mg/g. For comparison, adsorption of phenol on the carbons obtained from BMC/PET and MgO/PET mixtures is generally a little higher and ranges from nearly 70 to 114 mg/g. In addition, the removal efficiency tends to increase along with relative weight contents of magnesium compounds in the raw mixes, Fig. 5c, d . It is generally claimed [28] that adsorption of small molecules like phenol predominantly depends on the microporosity of sorbent materials. Hence, relatively low and comparable micropore areas and volumes (Table 1 ) determined for carbons prepared from MgCO 3 / PET and Mg(OH) 2 /PET mixes and generally higher parameters of two other series of carbons, clearly elucidate a cause of the observed trends.
As shown in Fig. 6 , uptake of phenol by the porous carbons obtained from most of the mixtures increases along with the preparation temperature. Thus, while products produced at the lowest temperature, 550°C, are of rather low adsorption capacity (40-60 mg/g), uptake of phenol by porous carbons prepared at 850°C is considerably higher and ranges from 81 to 114 mg/g. In view of the data listed in Table 1 , this tendency appears to be also due to the increase in micropore area and volume of the obtained adsorbents.
Adsorption capacity of various activated carbons towards phenol was reported as ranging from 35 to 150 mg/g [29] [30] [31] . Hence, performance of the carbon materials examined in this work can be considered as typical, however, strongly influenced by the preparation conditions.
Removal of Basic Red 18 from water
Performance of the obtained nanoporous carbons during adsorption of Basic Red 18 from water is illustrated by Figs. 7 and 8 .
Taking into account the relatively poor effect (86-111 mg/g) revealed by the carbons obtained from MgO/ PET mixtures and quite effective uptake (90-307 mg/g) of the dye by the other samples, some specific observations could be noticed. In general, uptake of the dye by carbons prepared through pyrolysis of (decomposable magnesium compound)/PET mixtures is superior compared to that determined for carbons obtained from MgO/PET mixes. Moreover, while impact of MgO/PET ratio on the BR18 removal is rather minor, performance of all the other materials substantially advances along with loadings of the inorganic components in the initial mixtures, Fig. 7 . Above effect particularly concerns both MgCO 3 /PET and BMC/ PET systems.
Taking into account textural parameters compiled in Table 1 , distinct connection between the discussed trends and pore structure can be noticed. All the tested adsorbents demonstrate comparable micropore areas and volumes within a series. On the other hand, while the mesopore parameters determined for the MgO/PET-based carbons are comparable, mesopore areas and volumes revealed by the other carbons substantially increase along with (Mg compound)/PET ratio. The latter observation particularly concerns MgCO 3 /PET-and BMC/PET-series carbons and to a lower extent Mg(OH) 2 /PET-based ones. Hence, the mesoporosity is a key factor enhancing adsorption of the dye from aqueous solution.
Analogous trends could be found for results presented in Fig. 8 . For instance, relatively poor performance of all the carbons prepared at 550°C must be due to evidently low mesopore areas and volumes. On the other hand, similar effects revealed by BMC/PET or Mg(OH) 2 /PETbased samples prepared and 700 and 850°C must be resulting from distinctly high and comparable mesopore parameters.
Compared to available literature data concerning adsorption of BR18 onto granular activated carbon [32] , only adsorbent materials prepared from raw mixtures highly loaded with the decomposable magnesium compounds reveal comparable uptake of the dye. However, performance of the studied materials towards BR18 can be valued as superior if the effects exhibited by activated sludge (60 mg/g) [33] or by biosorbent prepared from tamarind hulls (75 mg/g) [34] are considered.
Removal of Reactive Red 198 from water
A series of measurements were carried out on the prepared carbons to examine adsorption of another dye, Reactive Red 198, from water. Collected results are illustrated by Figs. 9 and 10. Despite divergent molecular weights of the dyes, the general trends observed during removal of the dye are in principle analogous to those observed for Basic Red 18. As illustrated on Fig. 9d , uptake of RR198 by MgO/PETseries nanocarbons is rather low, 10-34 mg/g, and quantitative composition of the raw MgO/PET mixtures used for preparations has a minor impact on the adsorption. On the other hand, effect of MgCO 3 , Mg(OH) 2 , and BMC shares in the raw mixtures on the adsorption of the dye is substantial. In each case, higher loadings of the Mg compounds in the raw mixtures are beneficial for obtaining porous carbons revealing higher uptake of the model contaminant, ranging from 24 to 115 mg/g. In view of data presented in Table 1 it may be stated that observed trends are concurrent with those already discussed for BR18. In this way, crucial role of mesoporosity in the RR198 removal from water is confirmed. Consequently, relatively low and comparable mesopore parameters determined for the adsorbents obtained from MgO/PET mixtures must be the reason of their poor performance, observed in spite of relatively high micropore parameters determined for these materials.
An influence of temperature used during preparations on RR198 adsorption is illustrated by Fig. 10 . Regardless of combination of raw materials, strong influence of mesopore area and volume (see Table 1 ) on RR198 removal from water could be confirmed. Hence, particularly high uptake of the contaminant by porous carbons prepared from MgCO 3 /PET (70/30, 850°C) and from Mg(OH) 2 /PET (70/ 30, 850°C) mixtures, 116 mg/g and 108 mg/g, respectively, can be attributed to very high mesopore areas and volumes. Consequently, low effect (8-30 mg/g) exhibited by carbon materials prepared at the lowest temperature, 550°C, must be due to the lower mesopore parameters.
Findings discussed above confirm suitability of the studied materials for the removal of RR198 from water. This particularly concerns adsorbents prepared from PET mixed with decomposable Mg compounds. In comparison with results reported by others [35] , RR198 uptake by the studied adsorbents can be estimated as superior compared to that measured for the char produced from sewage sludge.
Nevertheless, MgO nanoparticles were reported [36] to adsorb the dye quite efficiently, 76 mg/g. This value can be considered as comparable to the effect revealed carbon materials prepared from PET in mixtures with BMC, Mg(OH) 2 , and MgCO 3 .
Conclusions
The present paper is principally aimed to investigate the suitability of carbon materials obtained from poly(ethylene terephthalate) in mixtures with different magnesium compounds, for adsorption of water contaminants of different molecular weights. As the novelty, both Mg(OH) 2 and MgCO 3 were confirmed to be suitable for preparation of porous carbon materials according to the procedure developed already for the BMC/PET systems. Thus, the choice of magnesium compounds capable to convert chars into highly porous carbons could be extended. The results presented confirmed capability of the studied carbons to adsorb various adsorbates including phenol, Basic Red 18, and Reactive Red 198. The pore structure of the adsorbents can be influenced by altering quantitative and qualitative composition of a mixture of raw materials or by varying temperature of the preparation process. Considering results of numerous tests, some hints supportive for planning preparation procedure to produce an adsorbent revealing optimal parameters for a specific application can be deduced. We believe the content of this work is an important practical complement for the more extensive research on nanoporous carbons prepared from PET contained in mixtures with various inorganic magnesium compounds.
